The method of paired comparisons was introduced into the hearing aid literature nearly 50 years ago. Over time, studies have found paired comparisons to be sensitive, valid, and reliable in determining either the perceptual difference or relative ranking among hearing aids and electroacoustic characteristics. With the increasing number of adjustable electroacoustic parameters in today's digital hearing aids-and the lack of procedural guidelines necessary to fit many of them-the method of paired comparisons provides the clinician with the ability to compare different devices, electroacoustic characteristics, memory settings, or combinations of these variables under the listener's everyday listening conditions. Furthermore, this procedure provides the clinician with the ability to individualize the prescriptive approach-which is predicated mainly on hearing threshold data and listening in quiet-so that a combination of parameters can be set to optimize the user's listening needs in a given environment. In this article, the authors present an overview of the theoretical principle supporting this procedure, the various paired-comparison strategies and associated approaches, the advantages of this method, and recommended procedures for implementing the method of paired comparisons in the fitting of today's sophisticated hearing aids.
Introduction
Predicting a hearing-impaired listener's performance with, or benefit from, a hearing aid in everyday listening situations has been elusive. The inability to predict performance or benefit stems from, at least, two factors. First, aided performance rests ultimately on the user's subjective impressions in realworld listening environments. Individuals newly fit with hearing aids are afforded a trial period of several weeks before a final decision is made as to whether the improvement in auditory perception justifies the purchase of the instrument. Once acquired, continued use of the aid depends on the amount of satisfaction, benefit, or both, perceived by the user (Kochkin, 2005) . It seems reasonable, then, to expect a user who perceives satisfaction and benefit from the instrument to wear it on a full-time basis, while decreased satisfaction or benefit will result in occasional or no use. Second, user satisfaction and benefit are assumed when the frequency-gain response of the instrument matches the target response specified by the prescriptive formula. Research, however, suggests that some listeners prefer a frequency-gain response that differs from that determined by prescriptive formulae (e.g., Kuk, 1994b; Kuk & Pape, 1992 , 1993 Neuman, Levitt, Mills, & Schwander, 1987; Preminger, Neuman, Bakke, Walters, & Levitt, 2000) . Potential reasons for these differences include the reliability (Byrne & Dillon, 1981) and accuracy (Saunders & Morgan, 2003) of pure-tone measures, the extent to which inner hair cell damage is present (Moore, 2001) , individual ear canal resonance characteristics (Jenstad et al., 2007) , and the listener's cognitive status (Lunner & Sundewall-Thorén, 2007) . In addition, there is a void in the procedural guidelines to fit most parameters on an individual basis in today's digitally advanced devices. Clearly, there is a need to consider an alternative approach to hearing aid fitting.
A known, but underutilized, approach is the method of paired comparison. In its classic form, paired comparisons involve the presentation of paired stimuli and a forced response from the listener on a predetermined criterion (e.g., clarity, quality). This paradigm affords the listener the opportunity to compare devices, electroacoustic characteristics, memory settings, or combinations of all three variables, directly under a variety of listening conditions, in the laboratory, clinic, and in the real world. Zerlin (1962) first applied the paired-comparison approach systematically to hearing aids, when he presented pairs of hearing aid-processed speech recorded on tape to listeners for judgment. Today, the application of the paired-comparison approach is simplified by digitally programmable hearing aids, which have the ability to switch rapidly between electroacoustic characteristics, allowing listeners to provide input during the fitting process, both in the clinic and in the real world.
The basis for implementing the paired-comparison approach into the selection and fitting process of hearing aids include improving on the shortcomings of the prescriptive approach and providing a systematic process to adjusting digitally advanced technological features. Unfortunately, formal approaches endorsing the application of paired comparisons are lacking clinically, as evidenced by its absence in diagnostic equipment and in most hearing aid manufacturer's software, as well as the inability to purchase stand-alone software. The goal of this article is to provide the reader with a simplified, yet detailed, explanation of the different strategies and methods of paired comparisons, with an emphasis on their clinical application to today's sophisticated hearing aid technology. It should be noted that this article has similarities to the textbook chapters written by Kuk (1994b Kuk ( , 2002 . Despite these similarities, we believe this article serves as an extension to Kuk's work. Specifically, we have added topics, such as the theoretical principles underlying the paired-comparison approach, the implementation of this procedure to newer hearing aid technology, and the recommended procedures to optimize acceptable outcomes in paired-comparison hearing aid judgments.
This article is divided into six major sections. In the first section, we describe the theoretical principles of the pairedcomparison approach. Then, we provide a review of the types of strategies and methods associated with paired comparisons. The third section details measurement considerations (i.e., validity sensitivity, reliability) of the various strategies and methods. In the subsequent section, we provide the reader with factors that can affect measurement considerations. The fifth section is a review of the various attempts to improve the method of paired comparisons. The final section provides potential applications of the paired-comparison approach in the fitting of today's advanced digital hearing aids.
Theoretical Principles
The method of paired comparisons is predicated on a preferential judgment between two stimuli along a psychological dimension (y) having no obvious physical correlate (F). Although Cohn (1894) was the first to investigate an individual's preference between two stimuli using this method, Fechner-who is credited with formulating the discipline of psychoacoustics-was the first to consider this notion. In his book, Elements of Psychophysics, Fechner (1860)-building on the earlier work of Weber-reports on his attempts to establish ways in which conscious experience is measured (e.g., a listener compares the clarity of two sounds and selects the more intelligible one). In this paradigm, the data obtained provide information about the relationship between a physical event and conscious experience. This led Fechner (1860) to conjecture that changes in perception along a psychological continuum can be quantified indirectly by determining the amount of change along the physical domain, and that these changes occurred in equal psychological increments. In time, research debunked this theory (for a review, see Stevens, 1951) .
The ability to discriminate between two stimuli-for example, S i and S j -is determined by the frequency-or proportion of times (p)-that one stimulus is judged greater than the other, and the degree in which they differ in sensation to a given listener. To illustrate, a listener hears 20 trials in which stimuli S i and S j are compared for a given attribute (e.g., clarity). In 10 instances, the listener indicates that S i has greater clarity than S j , and in the remaining 10 instances, S j is judged to have greater clarity than S i . In this example, S i = S j , indicating no difference (p = 0.50) in the perceived sensation magnitude of clarity between stimuli. For a different listener hearing the same stimuli, however, S j is judged to provide greater clarity than S i in 15 instances (p = 0.75), and S i is judged to provide greater clarity to S j in 5 instances (p = 0.25). For this listener, the sensation magnitude of clarity for S j differs from the sensation magnitude of clarity for S i .
In 1910, Thorndike-who was interested in developing a scale of excellence in handwriting-thought it reasonable to transform the p value associated with comparing two handwriting samples to a z score. A z score expresses the difference between sensation magnitudes for a criterion in standard deviation units. Thurstone (1927) clarified the rationale for using z scores rather than p values when he developed a mathematical model for deriving scale values from proportions of comparative judgments. This model, termed the law of comparative judgment (LCJ), theorizes that each stimulus presented to a sensory receptor results in a modal discriminal process, which has some value on a psychological continuum. Because a stimulus will not always evoke the same modal discriminal processes-given momentary fluctuations in human behavior-a normal distribution is assumed. The modal discriminal process is equivalent to the mean, and the distribution (i.e., variance) is referred to as the discriminal dispersion.
In the LCJ model, the value of a discriminal process cannot be reported directly by the listener but can be obtained indirectly through the proportional values associated with that subject's repeated comparative judgments on pairs of stimuli. Figure 1 illustrates this concept. Inherently, stimuli S i and S j produce their own discriminal process distribution for some criterion (e.g., clarity), and the means are separated by a value along the psychological continuum. In this instance, S j is judged to yield greater clarity than S i by 3.5 units.
The logic underlying the LCJ model is conceptually similar to that of signal detection theory (SDT; Green & Swets, 1966) . Both models infer theoretical probability distributions on a psychological continuum from proportions of comparative judgments and use standard deviation units (i.e., z scores) to quantify the variability in human processes. The models differ, however, in their interpretation of the distribution. In SDT, the difference between the discriminal processes of the noise (N) and signal-plus-noise (S + N) distributions specifies stimulus detectability (d'). In the LCJ model, the difference between the two distributions of discriminal processes signifies the difference in sensation magnitude between stimuli. In other words, SDT is predicated on the perception between the distributions of N and S + N, whereas the LCJ model is based on the perception between several S + N distributions.
The discriminal processes data, in Figure 1 , is applied to the equations of the LCJ model, allowing for the calculation of discriminal dispersion on the psychological continuum. The equation for computing the standard deviations of the differences between pairs of stimuli is
where σ j-i is the standard deviation of the differences for stimuli S j -S i , σ i and σ j are the standard deviations of the discriminal processes for S i and S j , respectively, and r ij is the correlation between S i and S j . Figure 2 represents the resulting distribution of differences between the two discriminal processes (i.e., S j-i ) produced by repeated presentations of the two stimuli. The shaded area to the right of the 1.25 point-denoted by the vertical dashed line-corresponds to the proportion of times that S j was greater than S i . The 1.25 points can be converted to a z score using (2) where X is a particular score, M j-i is the mean of the paired stimuli, and σ j-i is the standard deviation of the paired stimuli. In this example, 1.25 -3.5 is divided by σ j-i .
Because of the complexities of deriving σ j-i , an assumption is sometimes necessary. One approach-specifically, Case V in the LCJ-assumes that both pairs of stimuli are uncorrelated (r ij in Equation 1) and the discriminal dispersions (σ 2 i + σ 2 j in Equation 1) of the two distributions are equal. A value is then set arbitrarily, which serves as the measurement of discriminal dispersion for both stimuli. In this instance, the equation for calculating σ j-i is rewritten as
A conventional assumption is that discriminal dispersion for both S i and S j equal 1. Applying the value of 1 for σ i and σ j into Equation 3 (i.e., square root of 1 + 1) results in a pooled standard deviation of 1.41. The numerator, found in Equation 2, will yield a value of -2.25 (i.e., 1.25 -3.5). The product of -2.25/1.41-from Equation 2-yields a z score of -1.60. Using a conversion table found in most elementary statistic texts, the z score is converted to the proportion of times that S j should be judged over S i . In the example, a z score of -1.60 equates to a p value of 0.9452. This p value suggests that stimulus S j was judged superior to stimulus S i essentially 95 times out of 100 for this listener on clarity judgments.
Paired-Comparison Strategies
In hearing aid research, there are two categories of pairedcomparison strategies: convergence strategies and tournament Figure 1. The modal discriminal process and discriminal dispersion for two hypothetical stimuli obtained from the repeated presentations to a given listener, where the difference between discriminal processes (i.e., S j-i ) is 3.5 units Figure 2 . The resulting distribution of the two discriminal processes (i.e., S j-i ) shown in Figure 1 (see text for details)
strategies. There are differences between the two categories (Neuman & Levitt, 1993) . First, hearing aids assessed in a convergence strategy must vary systematically in one or more dimensions of an electroacoustic variable (e.g., low-and high-frequency filter cutoffs). In a tournament strategy, there is no constraint for hearing aids to differ in any electroacoustic dimension (e.g., different hearing aids having the same low-and high-frequency filter cutoffs). Second, convergence strategies use estimation procedures to determine the setting(s) that yield maximum performance on a given criterion. Conversely, rules of the tournament dictate the preferred hearing aid-based on rank ordering-in a tournament strategy. Tournament and convergence strategies can be further dichotomized as nonadaptive and adaptive (Neuman & Levitt, 1993) . In a nonadaptive strategy, the features being compared are predetermined, with the listener's previous responses having no bearing on subsequent presentations of stimulus pairs. An adaptive procedure, on the other hand, is one in which the sequence of comparisons in the strategy is determined by the listener's responses on previous comparisons. In the following section, we provide the reader with specifics on the types of nonadaptive and adaptive tournament strategies, as well as the various convergence strategies.
Tournament Strategies: Nonadaptive
Nonadaptive strategies include the round-robin tournament, and the single-and double-elimination tournament strategies. In the following subsections, we provide an explanation and an example of each nonadaptive tournament strategy.
Round-robin. The round-robin tournament strategy allows for the comparison of different hearing aids or electroacoustic settings based on a predetermined criterion. The outcome from these comparisons yields rank-ordered data, and provides relational information among the variables compared and their relative contribution to the perceptual process (Kuk, 2002) . The number of stimulus pairs to compare is determined using (4) where p represents the number of stimulus pairs and n represents the number of stimulus conditions. To illustrate, Figure 3 -taken from Punch, Rakerd, and Amlani (2001)-shows an experimental 3 × 3 matrix created for nine frequency responses differing in low-and high-frequency slopes. The slope value-indicated by the solid black lines-is 3-dB/octave on both sides of a fulcrum frequency set at 1000 Hz, which is denoted by the filled circle in each cell. Equation 4 indicates the need for 36 comparisons [9(9 -1)/2].
A computer-generated output from Punch et al. (2001) is shown in Table 1 . Note that each of the nine frequency-gain slopes, in Figure 3 , is represented in the rows and columns of Table 1 . Specifically, the preferred frequency-response cell is stored as a 1 to indicate the row number of the winning cell (i.e., preferred judgment) and a 0 is stored in the column of the compared frequency-response cell. As an example, a listener hears cells 4 and 6, and indicates a preference judgment for cell 4. In Table 1 , therefore, a 1 is stored on the fourth row (i.e., preferred cell), sixth column (i.e., compared cell), and a
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(3) 0 is stored on the sixth row, fourth column. Note that each frequency response is compared with every other response, and that the same frequency response is not compared against itself, as represented by the dashed line in the same intersecting cell (e.g., preferred cell 3 vs. compared cell 3) in Table 1 . At the conclusion of the round-robin procedure, preferences (i.e., wins) are tallied and rank ordered. Rank ordering provides information with respect to the device or characteristic preferred by the listener for that criterion and under the conditions of the task.
In the example, frequency-gain response cell 9 ranked first with eight preference judgments, followed by cell 8 (6 wins), cells 6 and 4 (5 wins each), cells 5 and 7 (4 wins each), cells 2 and 3 (2 wins each), and finally, by cell 1 (0 wins). Given that cell 9 was the tournament winner, the hearing aid should be programmed to this frequency-gain slope.
Elimination tournaments. A drawback to the round-robin tournament is that every condition is paired against every other, requiring the need for numerous comparisons. Two strategies to overcome the numerous comparisons are the single-and double-elimination tournaments. In these strategies, the preferred aid or setting is decided by reducing, or eliminating, the number of comparisons by one-half in a given bracket.
The single-elimination strategy is the simplest elimination tournament to understand and implement. An example of this strategy is the National Collegiate Athletic Association (NCAA) basketball tournament. The number of comparisons required for a tournament is derived from p = n-1,
where p is the number of pairs to be compared and n is an integer power of 2.
The upper bracket of Figure 4 demonstrates an example of a single-elimination tournament. Here, eight hearing aids (A-H) are paired in the initial round. Note that the pairing of aids is not sequential (A vs. B, C vs. D, E vs. F, and G vs. H) . The single-elimination strategy asserts that the tournament's winner will emerge independent of the manner in which it was seeded against the competition. Seeding pairs with similar electroacoustic characteristics, however, increases the risk of the true tournament winner losing in an earlier round (Montgomery, Schwartz, & Punch, 1982) . 1 The eight aids, in the upper bracket of Figure 4 , require seven comparisons (8 -1) for the single-elimination strategy. In contrast, the round-robin design requires 28 [8(8 -1)/2] comparisons for the same eight devices. In the first round, note that hearing aids are seeded quasi-randomly (i.e., A is paired with aid E, B with F, C with G, and D with H), so that devices with similar electroacoustic characteristics are not compared. The second round reveals that aids E, G, H, and F advanced from the initial round as winners, and are now paired together (E vs. G, F vs. H) in the second round. Because aids A, B, C and D each lost in the first round, they have been eliminated from further comparisons. Comparisons from the second round indicate that hearing aids E and F were preferred over their respective counterparts, allowing them to advance to the third round. In the third round, hearing aids E and F are the final two comparisons, with the E-highlighted by the solid oval line-prevailing.
To overcome the limitation of seeding and the potential elimination of a device to random error, Studebaker, White, and Hoffnung (1979) and Studebaker, Bisset, and Van Ort (1980) proposed the use of a double-elimination tournament strategy to compare hearing aids or settings. In this paradigm, a nonwinning device is eliminated from the tournament only after a second loss. The number of comparisons required for this tournament strategy is determined by p = 2(n-1),
The combined upper and lower brackets in Figure 4 illustrate an example of the double-elimination tournament. In this example, we use the same eight hearing aids (A-H)and their respective seedings-from the single-elimination tournament. Equation 6 indicates that the double-elimination tournament will require 14 comparisons [2(8 -1)], or onehalf the comparisons of the round-robin tournament (i.e., 28). In the first round-seen in the upper bracket of Figure  4 -hearing aid E is preferred over A, G over C, H over D, and F over B. These preferred devices advanced to the second This risk is minimized by administering a round-robin tournament prior to an elimination tournament and implementing the rank-ordered data for seeding purposes (e.g., 1 vs. 9, 2 vs. 8, 3 vs. 7, …).
round of the winners' (i.e., upper) bracket, while those aids not preferred are compared among themselves (A vs. C, D vs. B) in the first round of the losers' (i.e., lower) bracket. In the second round of the winners' bracket, responses E and F were preferred over G and H, respectively, and advance to the third round. In the losers' bracket, responses A and D defeated C and B, respectively, and are compared with the losing instruments from the winners' bracket (i.e., hearing aids G and H). Winners in both brackets advance to subsequent rounds, whereas devices that lose for a second time are eliminated.
Hearing aid E is the double-elimination tournament winner, denoted by the filled box, as it was preferred to hearing aid G in the losers' bracket.
Tournament Strategy: Adaptive
Iterative round-robin. To date, the only adaptive-tournament strategy used in hearing aid research is the iterative round-robin tournament strategy (Neuman et al., 1987) . This strategy compares each hearing aid or electroacoustic setting with every other in a subset of the matrix. The winning device or setting then becomes the center cell of a subsequent (i.e., iteration) round-robin comparison. The overall tournament winner of this strategy is decided when there is no further change in the winning cell between iterations.
To illustrate, Figure 5 shows a 5 × 5 matrix that compares 25 combinations of low-and high-frequency loudness levels. Inside the 5 × 5 matrix, the listener is presented with a smaller subset of variables. The smaller subset is denoted by the highlighted 3 × 3 matrix, where the bolded X-in cell H3, L3-represents the initial estimate. The various cells in this matrix are compared using the nonadaptive round-robin tournament approach. The winning cell of this round is depicted by the filled circle in cell H4, L4. In the iteration tournament-depicted in Figure 5 as the 3 × 3 matrix having an upward sloping diagonal line-cell H4, L4, the previous tournament winner (i.e., filled circle), now represents the initial estimate for the iteration tournament. After all comparisons have been judged using the nonadaptive round-robin tournament approach, the winner of the second iterative tournament-denoted by the asterisk-is cell H4, L4. Because there is no further change in the winning cell between iterations, the overall tournament winner is cell H4, L4.
Convergence Strategies
The goal of the convergence strategy is to determine the setting or combination of settings that yield optimal performance on a criterion measure based on the listener's response to a previous trial. This differs from an adaptive tournament strategy in two ways: (a) devices are not compared with every other in a predetermined format and (b) the listener's response to a previous trial influences stimulus comparisons in subsequent trials.
Convergence strategies are employed using three basic rules (Neuman & Levitt, 1993) . First, the initial setting for a given characteristic is estimated. This initial estimate can be based on a prescriptive formula, manufacturer recommendation, or clinical presentiment. Research has shown that the efficiency of the convergence strategy in determining the preferred characteristic depends on the initial estimate (Neuman & Levitt, 1990) . To date, however, there is a lack of recommendations to suggest that one fitting strategy is superior to another in determining the initial estimate. Once determined, the initial estimate is compared with another setting that differs on the same adjustable parameter (e.g., gain, compression threshold) for a predetermined criterion (e.g., clarity, quality). Second, the change in each comparison, or step, needs to be predetermined, along with step size or magnitude of each adjustment change. The selection of a step size should yield differences between stimuli that are detectable to the listener. Byrne (1992) , for instance, found that step sizes as small as 3 or 4 dB can be discriminated by hearing-impaired listeners. Third, a criterion to terminate the task, or final estimate, is required. In essence, the final estimate should closely approximate the listener's preference for the conditions tested. Several studies have employed three reversals as the termination criterion (e,g., Kuk & Pape, 1992; Kuk & Lau, 1995 , 1996a , 1996b Neuman et al., 1987; Preminger et al., 2000) , citing that fewer reversals might reduce the reliability of the judged preference. To date, it is unclear whether increasing the number of reversals increases the reliability of these strategies. In the following subsections, we describe and provide an example of the various types of convergence strategies.
Simple up-down procedure. The simple up-down procedure is an adaptive task that allows for hearing aid verification or 
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* fine-tuning of settings in one dimension. Only those characteristics that contribute to the final recommended setting on the hearing aid, and those determined by a listener's response to previous comparisons, are compared. This is in contrast to the tournament strategies, which inherently require a large number of comparisons to reach the same goal. The simple up-down procedure, therefore, is a more efficient and clinically appealing tool for estimating the optimal setting on a hearing aid. An example of the simple up-down procedure is presented in Figure 6 . Here, a listener indicates that the aid is providing too much gain in the low frequencies. Prior to fine-tuning the device, the clinician decides on a step size of 3 dB and a termination rule of three reversals. During the procedure, the first trial compares the initial estimate-denoted by the open triangle at 0 dB-to reduction in low-frequency gain of 3 dB. The direction of the comparison-whether to compare the initial setting to an increase or decrease in low-frequency gain-is decided arbitrarily by the clinician or through feedback obtained from the listener during the procedure. Given the listener's feedback, gain is reduced by 3 dB in the first comparison (i.e., Run 1). In the subsequent run, a 3-dB reduction in gain is judged against a 6-dB reduction, with the former being preferred over the latter. Because of the listener's preference, there is a reversal in the direction of the comparison. Reversals are also evident in Runs 4 and 5. Results from this procedure indicate that the listener prefers 3-dB less gain in the low frequencies compared with the initial estimate.
Simplex method. The simplex method, or simplical method (Box, 1957) , is a multivariate adaptive procedure based on the comparison of two or more symmetrical points geometrically called a simplex. The objective is to find one point on the simplex at which the comparison of variables yields the highest value. Comparing two variables yields an equilateral triangle, and comparing three variables yields a tetrahedron. The simplex method has been used in hearing aid research to determine the single combination of settings on a hearing aid that optimizes listening under a specific condition (Levitt, Collins, Dubno, Resnick, & White, 1978) . Figure 7 , adapted from Neuman and Levitt (1993) , illustrates a two-dimensional simplex procedure used to determine the combination of lower cutoff frequency value and slope rate for a high-pass filter in a hearing aid that provides the listener with the greatest speech intelligibility. Points ABC, which were selected randomly, create an equilateral triangle (i.e., simplex) and represent the starting point. The final estimate for the simplex procedure is decided when the same equilateral triangle is formed three times. In simplex ABC, intelligibility at points A, B, and C yielded scores of 62%, 64%, and 54%, respectively. The strategy of the simplex procedure is to rotate the vertex of the simplex in a direction opposite the point yielding the lowest score, which, in this case, is point C.
As a result, the next simplex is ABD. At point D, speechintelligibility performance yields a score of 72%. Because point A exhibits the lowest score of simplex ABD (i.e., 62%), the new vertex is E, which remains connected to points B and D. In simplex BDE, point E yields the lowest score. This leads to the creation of simplex BDF, where point F was previously point A. Here, the lowest score occurs at point B. Because point G is in the opposite direction of B while remaining connected to points D and F, the new vertex is DFG. In DFG, performance is lowest at point G, resulting in the creation of a simplex DFH. At points DFH, the same vertex has been formed three times (i.e., ABD, BDF, DFH), which is the criterion for determining the final estimate. In this simplex, the performance is greatest at point D. From a clinical standpoint, results from the Simplex method indicate that the hearing aid be programmed to point D (i.e., low cutoff frequency of 100 Hz and a slope rate of +3 dB) for this listener.
Modified simplex procedure. The modified simplex procedure is a variation of the simplex method, which was first implemented by Levitt et al. (1978) and later modified by Neuman et al. (1987) . Recall that in the simplex procedure, comparisons are made between variables yielding an equilateral triangle, and the point on the triangle having the highest performance between all comparisons is considered the winner. The winner then sets the triangle for the next set of comparisons. This same principle applies to the modified simplex procedure. The difference, however, is that the triangular elemental unit has been replaced by an L-shaped elemental unit. Figure 8 is an example of the modified simplex method. In this example, the coordinates on the rectangular matrix represent a frequency-gain response-where gain is adjusted in 3-dB increments in the low-and high-frequency regionswith the first value representing the column and the second value representing the row, respectively. Note that cell L2, H3 indicates the recommended (i.e., initial) insertion gain for a given listener, and that lower values indicate a decrease in gain whereas higher values designate an increase in gain. The modified simplex procedure terminates after three reversals in both dimensions.
The direction of the initial comparison is arbitrary. In Figure 8 , the first vertex of comparisons is premised on the listener's anecdotal comments indicating a preference for more low-and high-frequency gain. That is, the target insertion gain (cell L2, H3) is compared with a cell having more low-frequency gain (cell L3, H3) and then compared with a cell having more high-frequency gain (cell L2, H4). An asterisk indicates the winning cell. For low-frequency gain, note that L2 wins over L3. For the high-frequency dimension, H4 wins over H3. Consequently, cell L2, H4 is the new vertex for the next series of comparisons, denoted as II in the figure.
Cells for the next set of comparisons are based on the results of the first comparison. Because the listener preferred greater high-frequency gain compared to the target, cells for the next comparison will have more high-frequency emphasis (cell L2, H5) and even less low-frequency emphasis (L1, H4) than the new vertex (cell L2, H4). Results from this set of comparisons indicate that cell L2, H4 wins over both cells L2, H5 and L1, H4, suggesting that the vertex remains at cell L2, H4. Because this listener did not prefer cells having less low-frequency gain and more high-frequency gain, the next round of comparisons is reversed so that the device is programmed with more low-frequency emphasis and less high-frequency emphasis.
In the third comparison, the vertex (cell L2, H4) is compared with cell L3, H4 in the low-frequency region and cell L2, H3 in the high-frequency region. Here, cell L2, H4 is preferred over the other two cells. This means that cell L2, H4 remains the vertex and the direction of the subsequent comparison is reversed again to cells having less lowfrequency gain (cell L1, H4) and more high-frequency gain (cell L2, H5). When cells L3, H4 and L2, H3 are compared to the vertex (L2, H4), the listener reports a preference for the vertex cell. This results in a third reversal, and according to the termination rule, our preferred cell. Therefore, the final frequency-gain response of this device is adjusted so that the listener is provided target gain in the low-frequency region, with an increase in gain of 3 dB, relative to the target, in the high-frequency region.
Measurement Considerations of Paired Comparisons
Investigators have advocated for the clinical implementation of the paired-comparison approach in the fitting of hearing aids (e.g., Punch & Howard, 1978; Studebaker et al., 1979; Studebaker et al., 1979) , based on its validity, sensitivity, and reliability. In the following subsections, we review findings from the literature for each type of paired-comparison strategy with respect to these measurement considerations.
Tournament Strategies
Validity. A tournament strategy is valid when a listener selects the aid yielding the highest average word-or phonemeidentification score for a given competition, or when performance between psychophysical tasks produces similar rankings across hearing aids. Validity is quantified by calculating the number of times a hearing aid emerged as the tournament winner to the number of correct responses on a word-or phoneme-identification task, and reported in the form of either a correlation (i.e., Pearson product-moment or Spearman rho) or a percentage. Word-or phoneme-identification performance. The validity between preference judgments and word-or phonemeidentification performance depends on the tournament strategy employed and the stimulus heard by listeners. Studebaker et al. (1979) , as reported in Punch and Parker (1981) , found a large correlation (r = 0.98) between hearing aid rankings of intelligibility obtained with a round-robin task and traditional word-identification testing. Montgomery et al. (1982) , on the other hand, computed correlations of 0.63 and 0.69 for hearing-aid ranked preferences with a single-and double-elimination tournament, respectively, compared with nonsense-syllable identification scores in noise. Taken together, these findings suggest that hearing aid rankings obtained with tournament strategies are similar to rankings obtained with word-or phoneme-identification tasks.
Conversely, Punch and Howard (1978) found correlations ranging from -0.46 to 0.34 between pairwise judgments of hearing-aid processed speech obtained with a round-robin approach and sentences presented in quiet and in noise. A post hoc analysis indicated that results were confounded by equivalency differences across sentences. Studebaker, Bisset, Van Ort, and Hoffnung (1982) assessed the validity between rank-ordered mean discrimination performance of aids used in each of three single-elimination tournaments and the proportion of times that each aid was selected as the winner in each elimination tournament. Findings revealed that as the signal-to-noise ratio (SNR) improved from 0-dB to +7-dB, selection of the aid having the highest mean discrimination score decreased across tournaments. Studebaker et al. conjectured that the reason for the decrease in performance stemmed from less perceptible differences between aids, resulting in listeners' choosing an alternative basis when making judgments. The effects of stimuli and judgment criteria on paired comparisons are discussed in the section Factors Affecting Measurement Considerations.
Other psychophysical procedures. Research suggests that category ratings are just as valid as paired comparisons in differentiating the electroacoustic characteristics among hearing aids (Cox & McDaniel, 1984; Preminger & Van Tasell, 1995) . Unlike the paired-comparison approach-which involves the presentation of paired stimuli and a forced response from an individual on a predetermined criterion-categorical ratings use a fixed-range qualitative or numerical rating for each stimulus item and are based on the individual's internal representation of the attribute being measured (e.g., clarity, quality), with responses varying in similarity to their internal standard (Dunn-Rankin, Knezek, Wallace, & Zhang, 2004) . Purdy and Pavlovic (1992) examined the validity of speech-intelligibility judgments obtained using a magnitudeestimation procedure, a categorical-scaling procedure, and a round-robin procedure for predicted increases in intelligibility and listener performance for word-identification performance and band-pass filtered sentences. Mean correlation coefficients were large (> 0.80) between predicted intelligibility performance and word-identification performance, and between predicted intelligibility performance and listener judgments of sentence intelligibility, across all three psychophysical procedures. Purdy and Pavlovic concluded that the round-robin tournament strategy was as valid as the categoryrating and magnitude-estimation procedures for determining judgments of intelligibility.
Age. We also report on the predictive validity of those populations-namely, elderly adults and young childrenthat are often times deemed as lacking the ability to make preferential judgments of paired stimuli. Studebaker et al. (1982) hypothesized that the elderly adult population might perform differently than older adults, based on the prevailing assumption that the elderly experience a decline in cognition. Performance was validated by comparing hearing-aid preference judgments for listeners younger than 55 years old and those 55 years and older. Findings yielded no significant differences in performance between groups. Subsequent studies have shown that listeners up to 88 years of age are capable of making preferential judgments using tournament strategies (Amlani, Punch, & Rakerd, 2006; Byrne, Parkinson, & Newall, 1990) .
Initially, the paired-comparison procedure was considered impractical in assessing children's perceptual judgments because it was assumed that this population might not understand and be able to attend appropriately to the task. Studies, however, dispelled this notion and found the method of paired comparisons valid in the fitting of hearing aids in children as young as 5.5 years of age (Byrne, Parkinson, & Newall, 1991; Ching, Newall, & Wigney, 1997; Eisenberg & Dirks, 1995; Eisenberg & Levitt, 1991) .
Sensitivity. A hallmark of the paired-comparison method is
its sensitivity in determining the hearing aid or setting that yields the best performance for a given listener, even when electroacoustic characteristics are highly similar. Unlike validity-where the objective is to determine whether both the tournament strategy and word-identification task ranked the same device or setting as best-sensitivity is defined by assessing whether either procedure yielded differences in performance across devices or settings. In this section, we review the sensitivity of various tournament strategies relative to word-identification testing, across electroacoustic characteristics, and compared to other psychophysical test procedures.
Word-identification testing. The paired-comparison approach is sensitive to differentiating the electroacoustic characteristics of hearing aids under laboratory conditions, even when performance on word-identification tasks fails to show similar delineations. Zerlin (1962) , for instance, found similar word-identification scores across six hearing aids, despite distinct differences in the electroacoustic properties of the devices. Conversely, preference data showed a clear delineation in ranking among the devices. Studebaker et al. (1982) , who pooled data together across the three tournament strategies, found that normal-hearing listeners required a 3% difference in aided word-identification performance to select the device judged to as having the highest intelligibility at 0-dB SNR. Hearing-impaired listeners, on the other hand, needed an 8% difference in aided wordidentification performance to select the hearing aid judged as having the highest intelligibility in the same listening condition. Montgomery et al. (1982) , on the other hand, found slight variations in the rank ordering of hearing aids for performance obtained on a phoneme-identification task and intelligibility judgments for the single-and double-elimination tournaments. The contrast in rank ordering between stimuli was attributed to listeners providing pairwise judgments using a multivariate approach (i.e., speech intelligibility and speech quality), rather than the one-dimensional approach instructed to them. We provide further detail regarding judgment criteria in the section Factors Affecting Measurement Considerations.
A shortcoming of the word-identification task is the potential for a ceiling effect when assessing electroacoustic characteristics in quiet. Byrne (1986) supports the use of testing in quiet because some electroacoustic variables, such as differences in frequency response, tend to have a greater effect on speech intelligibility in quiet than noise. The pairedcomparison approach largely avoids the problem of a ceiling effect based on the premise that one sample of speech is more likely to be understood than the other sample, even when both are highly intelligible.
Electroacoustic characteristics. Research indicates that the round-robin tournament is sensitive in assessing laboratory-based perceptual differences between electroacoustic characteristics. Jeffers (1960) and Witter and Goldstein (1971) studied the relationship among various electroacoustic properties and listener judgments, and found that listeners tended to prefer some characteristics (e.g., transient response, frequency response) to others (e.g., intermodulation distortion).
Studies have also assessed pairwise judgments to modifications within a single electroacoustic characteristic under laboratory and real-world conditions. For example, Punch and Beck (1980) assessed pairwise judgments of sound quality to varying degrees of aided low-frequency emphasis and found robust preferences for an extended low-frequency response. More recently, Amlani et al. (2006) investigated listener's clarity judgments of pre-recorded passages in noise processed in a sound-treated room, living room, and a classroom for a hearing aid having an omnidirectional, cardioid, and hypercardioid directional microphone setting. Findings indicated that listeners preferred the two directional hearing aid settings to the omnidirectional setting, with no difference in preference between the two directional settings.
Other psychophysical procedures. Evidence suggests that the round-robin tournament strategy is equally sensitive to other psychoacoustic procedures under laboratory conditions. For instance, Purdy and Pavlovic (1992) calculated parametric and nonparametric correlation coefficients of rank-ordered judgments for a magnitude-estimation task, categorical-scaling task, and round-robin task. Results showed no significant differences in sensitivity among the three psychophysical procedures. More recently, Eisenberg, Dirks, and Gornbein (1997) compared adult listeners' subjective judgments of clarity obtained using a round-robin tournament and category-rating task to sentences processed by widely and narrowly spaced band-pass filter settings that increased monotonically in audibility. For the widely spaced filter settings, both psychophysical methods provided similar judgments for normal-hearing listeners, whereas the paired-comparison approach was more sensitive than the category-rating task for hearing-impaired listeners. For the narrow filter settings, the paired-comparison approach was more sensitive than category-rating task in differentiating between filters for both groups.
Studies have not yet compared preference judgments obtained with the single-and double-elimination tournaments to performance obtained with a category-scaling task or magnitude-estimation task, and data are lacking with respect to the round-robin approach and these psychoacoustic approaches under real-world listening conditions. As a result, the impact of these conditions on sensitivity is unknown.
Reliability
Overall winner in test-retest sessions. One way to assess the reliability of a tournament strategy is to compare the overall tournament winner between test-retest sessions. Zerlin (1962) found that 7 of 11 subjects ranked the same hearing aid first in both sessions. Witter and Goldstein (1971) reported the same overall tournament winner in two separate sessions, in spite of the fact that listeners heard a male talker in one session and a female talker in the other. Similarly, Punch and Howard (1978) recruited 90 normal-hearing listeners and evaluated the reliability of the overall tournament winner in both the test-retest session. Results revealed the same device as the tournament winner in both the test and retest conditions across all listeners.
Correlations of rank-ordered data. Reliability of a tournament strategy can also be determined by calculating correlations for the rank order of all devices or settings compared between test-retest sessions. In 1978, Punch obtained quality preference judgments of different stimuli on normal-and impaired-hearing listeners using a repeated-measures round-robin approach. Test-retest reliability indicated correlations of 0.86 and 0.85 for a male speaker, 0.69 and 0.54 for a female speaker, and 0.56 and 0.35 for music for the normal-and impaired-hearing groups, respectively. Punch and Howard (1978) also evaluated the reliability of their test-retest preference judgments using correlations. In the quiet condition, a correlation of 0.94 was found between performance obtained on the test and retest sessions. Against a competing noise, the reliability between sessions dropped to 0.65. We discuss the effect of stimuli on paired comparisons in the section on Factors Affecting Measurement Considerations.
The data also indicate that the round-robin tournament strategy is more reliable than the single-or double-elimination approaches. Montgomery et al. (1982) found test-retest hearing aid correlations of 0.70 and 0.58 for the double-elimination tournament strategy, and 0.54 and 0.34 for single-elimination tournament strategy. More recently, Punch et al. (2001) evaluated the reliability of a traditional and modified roundrobin tournament strategy using a repeated-measures approach, with results yielding statistically significant correlations ranging from 0.84 to 0.97 for intrasession test-retest reliability and from 0.83 to 0.96 for intersession test-retest reliability across all groups.
With children, reliability may be variable. Eisenberg and Levitt (1991) , for instance, compared preference judgments of clarity in children for discourse processed through seven different frequency-gain responses using a round-robin approach. The average correlations coefficient for the testretest conditions was 0.68. Individually, however, the authors reported that correlations were greater than 0.80 for five subjects, were between 0.50 and 0.80 for one subject, and less than 0.20.
Other psychophysical procedures. The round-robin tournament strategy is reliable in determining the subjective judgments of aided speech quality, intelligibility or both, when compared against a categorical-rating and magnitude-estimation task. Purdy and Pavlovic (1992) also assessed the reliability of speech-intelligibility judgments for a magnitude-estimation task, a categorical-scaling task, and the round-robin procedure. Correlation coefficients revealed that the round-robin procedure was less reliable than the category-rating and magnitude-estimation procedures. A post hoc analysis revealed that an error in the methodology used to present sentences contributed to these findings. Eisenberg and Dirks (1995) , who assessed children's subjective judgments of filtered speech between a round-robin tournament strategy and a category-rating strategy, found the paired-comparison procedure to be more sensitive than the category-rating procedure in detecting differences among filtered speech stimuli.
Summary. The following conclusions can be drawn regarding the measurement considerations of tournament strategies. Validity 1. Hearing aid rankings obtained with tournament strategies are similar to rankings obtained with word-or phoneme-identification tasks. 2. Some speech material affects pairwise judgments obtained with tournament strategies.
3. Judgments obtained with the round-robin procedure are equal to judgments obtained with categorical ratings and magnitude estimation. 4. Paired-comparison judgments for tournament strategies are valid for listeners between the ages of 5.5 and 88 years. Reliability 1. Tournament strategies reliably determine the overall winner between test-retest sessions.
Tournament strategies have shown high correla-
tions between rank-ordered data obtained between test-retest sessions. 3. Test-retest reliability can be variable with children younger than the age of 6 years. 4. The round-robin procedure is similar in reliability to category ratings and magnitude estimations for both adults and children.
Convergence Strategies Validity
Real-world performance. The validity of the pairedcomparison approach ultimately depends on whether laboratory-based preferred electroacoustic settings are deemed satisfactory by the listener in everyday listening conditions. Kuk & Pape (1993) and Preminger et al. (2000) found that most listeners preferred a frequency-gain response other than the National Acoustics Labs-Revised (NAL-R; Byrne & Dillon, 1986) target. When listeners rated their ability to understand speech in the real world for both frequency-gain responses, preferred judgments in real-world listening conditions were not that different from the NAL-R target gain. Kuk and Pape (1993) , however, did find that listeners having a sloping hearing loss showed similar satisfaction for both frequency-gain responses, whereas several listeners having a flat hearing loss showed slightly greater satisfaction for the preferred frequency-gain response compared to the NAL-R target. We discuss the effects of hearing sensitivity in the section on Factors Affecting Measurement Considerations.
Age. It is also important to determine whether age might affect the outcome for convergence strategies. Preference judgments have been obtained on adults ranging in age from 21 years (Neuman et al., 1987) to 88 years (Kuk & Pape, 1992 , 1993 , with young and elderly adult listeners capable of providing valid responses. No data are available on whether children are equally capable of making preferential judgments using convergence strategies.
Sensitivity.
Word-identification performance. We defined sensitivity as the ability of the paired-comparison procedure to illustrate differences in performance across devices or settings, which might not be evidenced in word-identification testing. Neuman et al. (1987) found significant differences for some listener's between the target frequency-gain response and the preferred frequency-gain response obtained with the modified simplex procedure. A post hoc test, however, revealed no difference in word-identification performance obtained with either the target or preferred frequency-gain response. Zerlin (1962) found similar results for the tournament-strategy approach.
Other psychophysical procedures. Kuk and Lau (1996a) compared preference judgments of clarity for low-and high-frequency-gain settings on a commercially available hearing aid from hearing-impaired listeners using a modified simplex procedure and a categorical-rating task. Data analysis revealed that judgments made using the modified simplex method more closely matched the highest rated clarity than responses obtained on the categorical-rating procedure. Given the outcome of this study, the modified simplex strategy is more sensitive than the categoricalrating procedure in determining the frequency-gain response providing the highest clarity under laboratory conditions.
Reliability. In 1992, Kuk and Pape evaluated the reliability of the modified simplex procedure to select the preferred high-and low-frequency response and overall preferred frequency-gain response for a programmable hearing aid. Test-retest reliability revealed that approximately 30% of listeners selected the same high-and low-frequency responses in both sessions, and approximately 80% of listeners showed a test-retest deviation of less than one-step size (i.e., one cell) for their final estimate of preferred frequency-gain response.
Summary
The following conclusions can be drawn regarding the measurement considerations of convergence strategies: Validity 1. For some listeners, the NAL-R target gain is preferred in both laboratory and real-world listening conditions.
2. Paired-comparison judgments for convergence strategies are valid for listeners between the ages of 21 and 88 years.
Sensitivity 1. The modified simplex procedure is sensitive to detecting differences provided by hearing aids under laboratory conditions, even when performance on word-identification tasks fails to show similar delineations. 2. The modified simplex procedure showed greater sensitivity than the categorical-rating procedure in determining a listener's clarity preference under laboratory conditions. Reliability 1. A small proportion of listeners can select the same high-and low-frequency response characteristics between sessions, whereas a large proportion of listeners can select within one cell of their overall preferred frequency-gain response between sessions.
Convergence Strategy Versus Tournament Strategies
To date, only one study has compared convergence and tournament strategies, with no differences in sensitivity between strategies. Neuman et al. (1987) , who evaluated the sensitivity of the iterative round-robin tournament, double-elimination tournament, and modified simplex procedure to provide listeners with optimum aided speech intelligibility, found that listeners preferred essentially the same frequency-gain estimate across the three strategies.
Factors Affecting Measurement Considerations Hearing Sensitivity
Decreased hearing sensitivity is a factor that can affect the sensitivity of preference judgments. Studebaker et al. (1982) , for example, found that both normal-and impaired-hearing listeners were able to avoid selecting those hearing aids that produced the poorest speech intelligibility. Unlike normalhearing listeners-who consistently selected those devices that produced the highest speech intelligibility-hearingimpaired listeners tended to select those aids that failed to provide the highest speech intelligibility. Hearing loss also affects the reliability of preference judgments. Eisenberg and Dirks (1995) found intersubject variability among listeners. Specifically, they report that a 5.7-year-old hearing-impaired listener performed more reliably on a round-robin task than did a 6.6-year-old listener on the same task. Preference judgments are also influenced by the listener's audiometric configuration. Dirks, Ahlstrom, and Noffsinger (1993) and Kuk and Pape (1993) found that listeners with a sloping audiometric configuration provided more stable preference judgments than listeners with a flat audiometric configuration.
Acclimatization
The term acclimatization effect refers to the improvement in word-identification scores over time that occurs for some hearing aid users following the fitting of hearing aids (Gatehouse, 1993) . It is predicated, in part, on the improved performance of listeners learning to use amplified speech cues available to them. To that end, paired-comparison methods have been employed indirectly to assess the effects of acclimatization. Kuk and Lau (1996b) and Amlani et al. (2006) found that preferred insertion gain and preferences for hearing aid microphone polar patterns, respectively, were not related to previous experience with hearing aids. Paired comparisons have also been used to assess acclimatization effects longitudinally. Munro and Lutman (2005) found no statistical differences in judgment of aided sound quality over the first 24-weeks postfitting for a group of hearingimpaired listeners.
Listening Conditions
A cited advantage of the paired-comparison approach is the ability to measure a listener's preference under different listening conditions. However, reliability is reduced when performance in one condition is used to predict performance in another condition. Harris and Goldstein (1979) , who obtained aided quality judgment rankings from normal-and impaired-hearing listeners in rooms having reverberation times of 178 and 497 msec, found reliability between rooms to have an overall correlation of .63 and .29 for each group, respectively. Clinically, the implications of this study suggest that preference judgments obtained in a less reverberant environment may not be predictive of a more reverberant environment, especially for listeners with hearing impairment. Results from Kuk & Pape (1993) and Preminger et al. (2000) also support this implication.
Stimulus Effect
Various stimulus characteristics can affect the outcome of preference judgments. For instance, the gender of the talker affects sensitivity. Witter and Goldstein (1971) compared the proportion of times one hearing aid was judged better than another as a function of talker-gender. For those hearing aids having the highest and lowest rankings, gender effects were minimal. However, for hearing aids that ranked in the middle, preferences were dependent on talker-gender, with no predictable pattern.
Stimuli also affect the reliability of pairwise judgments. Punch (1978) found that reliability was best with a male talker, followed by a female talker and music. The female talker stimulus reduces reliability because of its higherfrequency speech energy, where impaired listeners often have the greatest loss in hearing sensitivity. For music, reliability was poorer for both listeners with normal-and impairedhearing sensitivity, possible from the low-fidelity circuitry available at the time or the listener's lack of exposure to the stimulus, or both. Punch and Howard (1978) found the reliability of the overall tournament winner differed depending on whether speech was presented in quiet or against a competing noise. More recently, Byrne (1986) and Kuk and Pape (1992) found increased reliability for speech presented against a competing noise as compared with speech presented in quiet. Differences in performance may be due to ceiling effects in the quiet condition. The paired-comparison approach reduces this effect by increasing the likelihood that one stimulus has a higher probability to be understood than does the other, even when both stimuli are highly intelligible.
Auditory Memory
Use of the paired-comparison procedure has the advantage of avoiding a lengthy time delay between the periods during which aided listening occurs and when listeners provide feedback about their listening experiences. In the paired-comparison procedure, paired stimuli are presented sequentially and with minimal time delays between presentations, resulting in a cognitively simple task (Fabry & Schum, 1994) . Judgments of small differences between stimuli are easier to make when performed in a comparative mode, as opposed to an isolated mode (Studebaker, 1982) . Some studies, for example, have required listeners to wear a multimemory hearing aid in different listening conditions over a period of time and, later, to provide subjective responses regarding their real-world experiences using a survey procedure (e.g., Kuk, 1992; Preminger & Cunningham, 2003) . Because of the time delay between testing and responding, the validity and reliability of the listener's responses may be questionable.
Listener Judgment Criteria
Studies using the method of paired comparisons often report either assessing speech quality (Harris & Goldstein, 1979; Jeffers, 1960; Punch, 1978; Punch & Beck, 1980; Punch & Parker, 1981; Witter & Goldstein, 1971) or speech intelligibility (Amlani et al., 2006; Kuk & Pape, 1992; Punch & Howard, 1978; Punch & Parker, 1981; Punch et al., 2001; Studebaker et al., 1982; Zerlin, 1962) . A limitation of these studies is the inability to assess variations in listener judgment criteria, despite providing listeners with a clearly written instruction set. Stated differently, there is no straightforward manner to separate the one-dimensional attributes of speech intelligibility and speech quality because perception is multidimensional. For instance, a hearing aid that sounds unpleasant or unnatural may receive a poor quality judgment ranking, even when this aid provides a listener with maximum word-identification performance. Therefore, when interpreting results from a paired-comparison procedure, it is assumed that the listener used a relative criterion of judgment during the task. Summary 1. The sensitivity of the paired-comparison approach is affected by differences in hearing sensitivity, whereas reliability is affected by intersubject variability among listeners with impaired hearing and the audiometric configuration of the hearing loss. 2. Studies indicate no difference in listener performance-either indirectly or longitudinally-for acclimatization effects using the method of paired comparison. 3. Pairwise judgments appear to differ as the listening (i.e., acoustic) condition changes. 4. Stimulus characteristics can affect the sensitivity and reliability of paired-comparison judgments. Although test-retest reliability for impaired listeners is good for a male speaker, the same is not true for a female speaker and music. Judgments obtained with speech presented against background noise are more reliable from those obtained in quiet. These factors need to be considered when choosing materials for pairwise judgments. 5. An advantage of the paired-comparison approach is that the task is performed in a comparative mode, reducing cognitive demands. 6. The paired-comparison approach often indicates the assessment of performance in a single dimension (e.g., intelligibility, quality). In reality, listeners tend to make preferential judgments using multidimensional attributes. The goal, then, is to ensure that all listeners use the same relative criterion of judgment during the task.
Attempts to Improve the Method of Paired Comparisons
Over the years, investigators have attempted to improve the measurement considerations of the paired-comparison paradigm. In the following section, we provide an overview of these modifications and their potential clinical and empirical impact.
Confidence Ratings of Preference Judgments
Some investigators have attempted to strengthen the sensitivity of preference judgments with confidence ratings. In a study conducted by McGee (1964) , provided preference judgments to differing amounts of frequency distortions applied to phonetically balanced sentences and confidence ratings using an 11-point scale. Likewise, Naidoo and Hawkins (1997) compared monaural versus binaural preferences of various hearing aid linear circuits and supplemented preference judgments with a 10-point categorical scale. Research supports the notion that the addition of category ratings increases the sensitivity of pairwise judgments, especially when there is a large difference between the samples being compared (Byrne & Cotton, 1988; Studebaker et al., 1982) .
Application of Binomial Probability Theory
At present, the method of paired comparisons lacks guidelines on how to implement this procedure reliably and efficiently in the clinic. In 1995, Kuk and Lau proposed that binomial probability theory-used clinically to explain variability in word-identification testing (Raffin & Thornton, 1980; Thornton & Raffin, 1978 )-be applied to assess the appropriate number of comparisons and acceptance criteria to achieve maximum reliability and efficiency in pairedcomparison judgments. This was determined by assessing the probability of selecting a particular frequency-gain response N times in M trials and in determining the likelihood of error in accepting the result when one alternative wins over another in N of M comparisons (Figure 9 ). As an example, assume that two frequency-gain responses are compared in five trials (M) and the first frequency-gain response is chosen three times (N). As indicated by the dashed black line in Figure 9 , the probability of this outcome occurring is 0.50, which is a chance occurrence. This finding also indicates that there is a 0.50 probability that the second frequency-gain response will be selected three out of five times. If the criterion N is increased to four and M remains at five, the probability of the first frequency-gain response meeting this criterion is reduced to about 0.20, as indicated in Figure 9 by the black dotted line. These examples indicate that the smaller the probability, the less likelihood of error.
The clinical utility of this application stems from the ability to predetermine the number of trials and wins needed for a given probability, while comparing differences between any electroacoustic variable. Kuk and Lau suggest an upper limit of five trials and a probability level of 0.35. These recommendations translate essentially to two wins in two trials or three wins in four trials.
Despite its advantages, this theory assumes that the characteristics being compared were selected with equal probability. Given this assumption, the application of the binomial-probability approach is best suited for the roundrobin tournament, where paired stimuli have an equal chance of being selected for comparison. Tournament strategies, such as the single-and double-elimination approaches, violate this assumption because stimuli constitute a characteristic with high probability of being selected paired with another having low probability of being selected. In the modified simplex procedure, Kuk and Lau indicate that edge effects (i.e., the lower and upper bounds of the variables) may interfere with the assumption of equal probability.
No Preference (Ties)
A cited drawback of the round-robin procedure is the frequent occurrence of ties, in which the paired stimuli are perceived as either equally desirable or equally undesirable (Montgomery et al., 1982) . Punch et al. (2001) hypothesized that perceptual ties result in the listener providing random guesses. These authors indicated that random guesses (a) reduce the efficacy of the round-robin procedure and (b) are not useful in determining the preferred hearing aid or electroacoustic setting. Furthermore, they proposed a modified version of the round-robin tournament strategy in which listeners would have the option of a third choice, or No Preference. That is, the authors omitted ties from the listener's tally in the modified version and rank-ordered data based on the number of wins. Punch et al. (2001) compared listener responses of speech clarity between the traditional and modified method for changes in frequency-gain-response slopes processed through a simulated hearing aid. Both paired-comparison methods converged on the same frequency-response slopes, but reliability was statistically better for the modified version compared with the traditional version. Likewise, Amlani (2003) compared the same traditional and modified round-robin methods while investigating speech-clarity preferences of polardirectivity patterns, and found that both methods converged on the same polar patterns, but yielded no statistical differences for reliability.
This disparity between the Punch et al. (2001) and Amlani (2003) studies stems from smaller perceptual differences in frequency-response slopes and larger, more compelling differences between polar-directivity patterns. Specifically, results from the modified round-robin task in the Punch et al. study revealed a large number of ties, which improved its reliability over the traditional round-robin task, whereas the Amlani study revealed considerably fewer ties in the modified task, reducing its reliability to the traditional task. Studebaker and colleagues (Studebaker et al., 1980; Studebaker et al., 1982) speculated that for paired stimuli having small clarity differences as small as 1 dB, listeners base their judgments, in part, on other factors related to intelligibility, such as SNR. Others have conjectured that the ability to detect small differences might be attributed to ageespecially in young children (Stelmachowicz, Lewis, Hoover, & Keefe, 1999 )-and hearing sensitivity . Findings from Punch et al. and Amlani further support the notion that preferential judgment-and the underlying reliability of the task-is affected by confounding variables (i.e., loudness differences, SNR) and not speech clarity directly.
Multidirectional Pattern Search
The multidirectional pattern search procedure, developed by Franck, Dreschler, and Lyzenga (2004) , is an extension of the modified simplex procedure. It was developed because studies have not used the paired-comparison approach to combine different digital hearing aid algorithms and determine how the interactions among them might be optimized for a given listening condition. The two differ mainly in that the multidirectional pattern search procedure assesses electroacoustic parameters from three algorithms, whereas the modified simplex procedure assesses electroacoustic parameters of a single algorithm. A second difference is the size of the matrix. Edge effects, which are known to reduce the reliability of the modified simplex procedure (Kuk & Lau, 1995) , are accounted for in the multidirectional pattern search procedure by increasing the number of comparisons for each dimension being compared. For example, instead of a 5 × 5 × 5 matrix, the multidirectional pattern search procedure would use a 10 × 10 × 10 matrix.
Details of the multidirectional pattern search approach are described in Franck et al. (2004) . Briefly, the multidirectional pattern search procedure uses an adaptive step size. Specifically, stimuli are separated by four step sizes between comparisons at the outset of a comparison. After three rounds of comparisons, the initial step size is reduced by one-half to two steps. After another three rounds, the step size is further reduced by another one-half to a single step. The process of halving the step size continues until the listener can no longer discriminate among settings. At this point, the step size is increased in one-step increments until it is equal to three step sizes. The process of halving the step size, after three rounds, continues until the step size is equal to one. This procedure is terminated when one of three conditions is met when (a) the same setting is selected three times, (b) a setting wins a comparison more than six times, and (c) when the maximum number of paired comparisons has been met. Franck, Boymans, and Dreschler (2007) expanded their earlier work (Franck et al., 2004) by evaluating the applicability of the multidirectional pattern search procedure to converge the digital algorithms of dynamic compression, temporal signal enhancement, and noise reduction of a commercially available hearing aid into an optimal setting for speech presented against a continuous and fluctuating noise. The validity and reliability of these optimal settings was then compared against findings from a round-robin procedure. The overall tournament winner between multidirectional pattern search and the round-robin procedures occurred infrequently for both the continuous noise condition, and never for the fluctuating noise condition. Reliability, measured between test-retest sessions, was good for continuous noise but poor for fluctuating noise. Clearly, further testing of the multidirectional pattern search procedure is needed before it can be considered a tool in the fine-tuning of complex signal processing strategies in digital hearing aids.
Use of Paired Comparisons in the Fitting of Today's Hearing Aids
The fitting of today's hearing aids is complicated by the inclusion of advanced digital technologies-such as noise reduction, feedback cancellation, spectral enhancement, and transient noise suppression-to which there is a void in the application required to fit them. When fitting these features, the clinician may rely on the listener's anecdotal comments and enable only those features deemed to improve the listener's experience. In another instance, the clinician may simply enable all the advanced features from the outset with the intuition that doing so will enhance the listener's ability to understand speech in everyday listening environments. In the Franck et al. (2007) study, only one of the eight subjects selected the initial starting point (i.e., target) for three hearing aid algorithms (i.e., compression, spectral enhancement, and noise reduction) when listening to speech presented against steady-state noise. When the same listeners assessed the same three algorithms against fluctuating noise, only three listeners selected the initial starting point. This finding suggests that not all listeners prefer target settings. Kuk (1994a) created a screening procedure that compares the prescribed frequency-gain response to an alternate frequency-gain response. In cases where the listener prefers the alternate response, the modified simplex method is used to individualize fittings. The advantage of this screening procedure is its clinical efficiency in reducing the need to test those listeners who do not prefer variations from the initial estimate. Eisenberg and Levitt (1991) suggest the need for a screening procedure for children, given the large intersubject variability in listeners younger than 6 years of age. The use of the screening procedure, perhaps Kuk's (1994a) , could help determine whether a young child is capable of providing valid and reliable results. Further, we believe that the use of a screening procedure can be a valuable tool in determining whether a listener prefers the target response provided by various digital algorithms. For instance, a listener might be asked to provide pairwise comparisons of speech clarity in noise for a noise reduction algorithm. If there were no perceptual differences between the target and the listener's judgment, it would be reasonable to assume that the listener does not prefer variations from the initial estimate enabled on the device. On the other hand, if differences in perception between the target and the listener's judgment were found, then it would be incumbent on the clinician to fine-tune the algorithm(s) to provide the best performance.
The clinical implementation of the paired-comparison approach, we believe, should include aspects of both the tournament and convergence strategies. To illustrate, Amlani and Nelson (2009) used a magnitude estimation task to assess the combination of advanced digital algorithms-compression, noise reduction, spectral enhancement, and transient-noise suppression-that provided listeners with the greatest ease of listening for speech presented against noise and a distracter (e.g., door slamming, glass breaking). Rank-ordered datasimilar to that derived by a tournament strategy-revealed that listeners' performed best when the algorithms of compression + noise reduction + transient-noise suppression were combined, which differed from the manufacturer's target algorithm combination of compression + noise reduction + transient-noise suppression + spectral enhancement. Knowing those algorithms listeners' preferred, the clinician could implement a convergence strategy-possibly one that also incorporates categorical ratings-to select the degree of implementation (e.g., minimum, moderate, or maximum) for each individual setting. We believe that such an approach provides the user with optimal signal processing in each of the listening conditions for which the hearing aid settings are programmed.
To implement such a protocol, we recommend employing the round-robin tournament approach as the tournament because of its increased validity, sensitivity, and reliability over the single-elimination tournament and its simplicity over the double-elimination strategy. For the round-robin approach, Kuk (1994b Kuk ( , 2002 recommends comparing no more than four devices or settings. To fine-tune the electroacoustic parameters of a hearing aid, we recommend employing the modified simplex procedure as the primary convergence strategy. Here, no more than five trials need to be undertaken, with the winner decided in two wins in two trials or three wins in four trials (Kuk & Lau, 1995) . Given the everyday use of personal computers, such a protocol could be developed and purchased as a stand-alone program, or possibly executed from the manufacturer's fitting software.
Finally, Kuk (2002) provides justification for delaying the use of the paired-comparison procedure by 2 to 3 weeks after the initial fitting. First, it is difficult to know-at least at the initial fitting-which listening conditions encountered by the listener are problematic. As a result, it becomes difficult to select the stimulus conditions to be tested, and the outcome would be limited only to those conditions tested. Second, there is a chance that selecting a frequency-gain response that differs from a prescriptive formula may not provide a functional difference in real-world listening conditions because of the listeners' psychophysical abilities. Last, the pairedcomparison procedure does require a time commitment, and the time needed to carry out this procedure may take away time for other activities, such as counseling and verification.
Conclusion
The method of paired comparisons has been used in hearing aid research for nearly 50 years. Despite its rich history and clinical promise, paired comparisons have not been used routinely in the fitting of hearing aids. Although the pairedcomparison procedure is limited to determining only the best electroacoustic characteristic for a specific device or algorithm, its increased reliability and sensitivity to other clinical measures, and the ability to test several independent variables at once, are tools that may improve a listener's satisfaction with hearing aids. This is especially important with the ever-growing complexity of digital hearing aid algorithms, and the lack of guidelines needed to fit them on our patients. Hopefully, as newer technology emerges, manufacturers of hearing aids and clinical equipment will incorporate the paired-comparison procedure into their software, affording clinicians the opportunity to improve their hearing aid fittings, ultimately resulting in increased user satisfaction.
